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Introduction

27
Efforts to understand better the molecular mechanisms which govern the symbiosis between marine 28
Cnidarians and their dinoflagellate symbionts have been hampered by the lack of genetically tractable 29 model organisms. This is especially true for the symbiotic relationship between corals and 30 dinoflagellates from the genus Symbiodinium. This interaction forms the bedrock of the coral ecosystem 31 (Muscatine et al., 1981; Muscatine and Porter, 1977 ) and yet is highly sensitive to relatively small 32 changes in environmental conditions (Brown, 1997) . Abnormally high ocean temperatures have been 33 identified as one of the key factors that can precipitate the breakdown of the Symbiodinium-coral 34 symbiosis, which can lead to wide-spread, regional and even global coral bleaching events (Hughes et 35 al., 2017) . The predicted increase in ocean temperatures due to anthropogenic climate change is 36 expected to accelerate this crisis (Smith et al., 2007) . 37 38 One of the prevailing theories as to how coral reefs would be able to withstand rising ocean temperatures 39 rests on the assumption that there are certain thermo-tolerant Symbiodinium strains which are able to 40 form a more robust relationship with their host (Howells et al., 2012) . While the effectiveness of thermo-41 tolerant Symbiodinium strains in maintaining algal-coral symbiosis has been shown to be significant, 42 the genetic basis of this robustness remains unknown. Without genetic tools and the absence of any 43 viable method to carry out traditional genetic studies such as inbreeding and cross-breeding, isolating 44 and confirming the identity of thermo-tolerance genes will be difficult. 45 46 Previous studies have described methods for transformation of free-living Symbiodinium cells. The 47 first, published in 1997 by Ten Lohuis and Miller describes the transformation of Symbiodinium CS-48 153 using silicon carbide whiskers (ten Lohuis and Miller, 1998) . In the ten Lohuis paper it was 49 reported that the Cauliflower Mosaic Virus p35S and Agrobacterium nos and p1'2' promoters were 50 able to drive the expression of reporter genes (GUS) and selectable markers (hygromycin and 51 geneticin resistance genes) in Symbiodinium. Subsequently, two papers published in 2015 by Ortiz-52
Matamoros et al. described transformation using glass beads agitation with and without 53
Agrobacterium of Symbiodinium kawagutii, Symbiodinium sp. Mf11.5b.1 and Symbiodinium 54 microadriaticum MAC-CassKB8 (Ortiz-Matamoros et al., 2015a; Ortiz-Matamoros et al., 2015b). In 55 these publications, the authors used the nos promoter to drive the expression of the bar gene which 56 confers resistance to the herbicide Basta. However, the authors of the paper note that their transiently 57 transformed cells lost their chlorophyll and were unable to reproduce under herbicide selection. 58
59
We used previously published transformation protocols for Symbiodinium (ten Lohuis and Miller, 1998) 60 as well as different standard protocols for alga based on electroporation, biolistics and glass beads 61 agitation to attempt to transform S. microadriaticum CCMP2467. Plasmid constructs utilizing the 62
Cauliflower Mosaic Virus p35S promoter as well as putative endogenous Symbiodinium promoter and 63 terminator regions identified from the S. microadriaticum genome were used to 64 drive the chloramphenicol resistance gene for nuclear transformation, while artificial Symbiodinium 65 plastid minicircles modified to carry a mutated psbA gene that is predicted to confer resistance to the 66 atrazine herbicide were used to carry out chloroplast-targeted transformations. However, we were 67 unable to obtain resistant strains under chloramphenicol or atrazine selection using either set of 68 constructs. 69
70
We also carried out an attempted nuclear transformation using a construct carrying the geneticin 71 resistance gene under the control of the CaMV p35S promoter and NosT terminator with Symbiodinium 72 strain CS-153, the strain that was used in the ten Lohuis and Miller (1998) paper. After 10 weeks, we 73 did not see any growth on geneticin agar plates or in geneticin liquid cultures. concentrations of hygromycin and geneticin (G418) of around 3 mg/ml in order to select for resistant 84 Symbiodinium transformants, a process which required about three months as untransformed cells were 85 able to survive up to eight weeks of antibiotics exposure. 86
87
In order to select a more cost-effective selection antibiotic and to confirm that our main transformation 88 strain CCMP2467 has similar antibiotic tolerance levels to strain CS-153, we used liquid cultures to 89 test the effectiveness of several antibiotics to determine a more potent and less expensive alternative to 90 hygromycin and geneticin. We determined that 100 µg/ml of chloramphenicol was just as effective as 91 2.5 mg/ml of hygromycin in reducing the number of observed Symbiodinium CCMP2467 cells in 92 culture (see Figure 1 ). In addition, the cost of chloramphenicol is significantly lower than hygromycin 93 or geneticin weight-for-weight across a range of suppliers (see Supplementary Table 1 ). Therefore, we 94 decided to use chloramphenicol instead of hygromycin or geneticin as our main antibiotic to select for 95 transformants. A similar, independent test was also carried out to determine an effective selection 96 concentration for atrazine resistance, which was found to be 150 ng/ml (see Supplementary Table 2) . Test for chloramphenicol resistance gene function 107 We tested the functionality of the chloramphenicol resistance gene using Saccharomyces cerevisiae 108 expression vectors in S. cerevisiae (see Figure 2 ). Under galactose induction, yeast cultures were grown 109 with and without chloramphenicol selection (4 mg/ml) to show that the presence of the chloramphenicol 110 resistance gene (ChloR) under the control of the GAL1 promoter was necessary and sufficient to confer 111 increase chloramphenicol resistance to yeast cells. The minimal growth medium used for this 112 experiment was supplemented with 3% glycerol and 0.5% galactose in order to force yeast cells to grow 113 anaerobically while providing a low level of galactose to induce GAL1 promoter expression. The results 114 showed that yeast cells transformed with the pYESChloR construct (see Supplementary Data 1), which 115 contains the ChloR gene under the control of the GAL1 promoter, became more resistant to 116 chloramphenicol compared to the control untransformed strain (31019b) and the strain transformed with 117 the empty vector pYESeGFP (see Supplementary Data 2). We present this as evidence for the ability of 118
the ChloR gene to facilitate chloramphenicol resistance when expressed as a transgene. 
Promoter region identification 130
In order to identify suitable promoter regions we chose a set of five expressed genes including those for 131 Actin, β-Tubulin A, β-Tubulin B, Hsp90, and PsbJ from the S. microadriaticum genome as confirmed 132 by transcriptomics data (see Supplementary Table 3 ) from Chen et al. (2017) . To identify the right start 133 codon for the Actin and PsbJ genes we performed 5' RACE on transcripts to sequence their 5' UTRs. 134
For the Actin gene, the 5' RACE results confirmed the presence of a spliced leader 55 bp upstream of 135 the first ATG site (see Figure 3 ). This particular spliced leader sequence is notable for being the most 136 common spliced leader sequence in the Symbiodinium kawagutii transcriptome, being found in 6235 137 out of 6501 full-length S. kawagutii cDNAs containing a complete spliced leader sequence (Zhang et 138 al., 2013) . Using the coding sequence, we did a BLAST search on the S. microadriaticum genome 139 ) and identified gene model Smic17360 as the best hit sequence for our 5' RACE 140 result. We then amplified an approximately 2 kb region upstream from the putative start ATG to serve 141 as the promoter element for the pAct-ChloR-ActT construct. The 3' terminator sequence used for this 142 construct was the 500 bp region downstream of the stop codon of Smic17360. 143 start codon, with promoter elements as described in (A).
160
We carried out a similar 5' RACE validation experiment to define the PsbJ promoter (pPsbJ) region 161 (see Supplementary Figure 1A ). In most photosynthetic organisms, the psbJ gene is located in the 162 chloroplast genome as part of the psbEFLJ operon. However, in the S. microadriaticum genome the 163
PsbJ gene exists as a three copy tandem repeat in the nucleus (see Supplementary Figure 1B ), which 164 lends support to previous reports that psbJ is not encoded on any of the Symbiodinium chloroplasts 165 minicircles (Howe et al., 2008) . For these reasons, the 5' region of the pPsbJ-ChloR construct was 166 designed to encode an additional N-terminal peptide which are absent from all other, chloroplast-167 encoded orthologues of PsbJ and which could be the Symbiodinium chloroplast localization peptide 168 (see Figure 5 ). Note that because the Symbiodinium PsbJ is encoded in the nucleus, we are using the 169 gene name format for higher plant nuclear genes (capitalized first letter, PsbJ) rather than the naming 170 orthologues. The Smic_PsbJ_Long variant is due to an alternate in-frame start codon upstream of the 175 start codon that would be equivalent to the one found in other psbJ homologues, and this additional N-176
teminal polypeptide region could be involved in plastidic sub-cellular compartmentalization signaling. 177
The NCBI reference sequence ID are as follows: For the nuclear constructs based on the β-Tubulin A, β-Tubulin B and Hsp90 promoters, we took the 3 184 kb region upstream of the predicted start codon as the putative promoter region and a 400 bp 3' region 185 originating downstream of the endogenous Hsp90 stop codon as a terminator region (see Supplementary  186 Data 3, 4 and 5). These regions were selected only based on in silico analysis, and were not 187 We use the term ChloR here to describe the chloramphenicol acetyltransferase (CAT) gene which 193 confers resistance to chloramphenicol and GenR to describe the neomycin phosphotransferase II (nptII) 194 gene that confers resistance to geneticin G148. Similarly, the gene we term PsbA S262G is a variant of the 195 psbA gene that contains an amino acid mutation that is predicted to confer resistance to atrazine. 196 197 constructs were designed as artificial chloroplast minicircle chromosomes. In addition to the promoter 204 and terminator regions previously described, the p35S promoter and Nos terminator were also used to 205 construct the p35S-ChloR-NosT (see Figure 6 ) and p35S-Neo-2A-eCFP constructs, as it has been 206 reported previously that these expression elements were sufficient to drive the expression of the 207 hygromycin resistance gene in Symbiodinium (ten Lohuis and Miller, 1998) . Supplementary Table 4E) . were sub-cultured into fresh f/2 liquid or agar with the appropriate selection antibiotic/herbicide. 255
Although we did observe that some of these cultures began to grow under selection after several months 256 in liquid culture, none of these treated cultures were able to grow after sub-culturing in fresh selection 257 medium (data not shown). We therefore considered these growths as the result of untransformed cells 258 that were able to outlast the effective period of their respective selection antibiotic/herbicide and not 259 true stable transformants. 260 261 262 Transformation details (Symbiodinium strain CS-153) 263 We concentrated most of our transformation efforts on the Symbiodinium strain CCMP2467 because 264 the genome of this strain had been sequenced and cultures of this strain are currently being used for 265 other research projects in our group. However, the published protocol by ten Lohuis and Miller (1998) 266 used a different Symbiodinium strain, known as CS-153, isolated from a different cnidarian and 267 geographic location from CCMP2467 (see Materials and Methods). In addition, our nuclear 268 transformation constructs were designed to use chloramphenicol rather than hygromycin or geneticin 269 as selection markers. 270
We therefore decided to replicate as closely as feasible the materials and methods used in a previously 272 published protocol (ten Lohuis and Miller, 1998). We therefore carried out a silicon carbide whiskers 273 agitation transformation using Symbiodinium strain CS-153 with our chloramphenicol and geneticin 274 constructs (see Table 3 ). The two geneticin constructs contained the neomycin/geneticin resistance Using the ten Lohuis and Miller (1998) silicon carbide whiskers agitation protocol, two-week old 285
Symbiodinium cultures at a cell density of roughly 3 × 10 5 cells/ml were harvested and transformed with 286 five different constructs and a "no plasmid" control (see Table 3 ). Putative CS-153 transformants were 287 then selected in liquid cultures and on top agar plates with the appropriate antibiotics. In the case of 288 geneticin selection, we used the same concentration (3 mg/ml) that ten Lohuis and Miller (1998) used. 289
We did not detect any significant growth in liquid media or visibly growing colonies on selection plates 290 even after 17 weeks of observation. Our attempts to transform S. microadriaticum CCMP2467 stably have not been successful despite the 295 use of a wide variety of constructs and standard transformation methods known to work successfully in 296 the transformation of other microalgae. We have tested both transgenic (p35S) and endogenous 297 promoters (pAct, pBTubA, pBTubB and pHsp90) to drive ChloR expression in the cytoplasm as well 298
as an endogenous promoter of a nuclear-encoded protein targeted to the chloroplasts (pPsbJ). We have 299 also attempted to introduce into Symbiodinium chloroplasts artificial minicircles that contain a modified 300 psbA gene that is potentially able to confer resistance to atrazine. 301
302
In term of transformation methods, we have tried to transform Symbiodinium using standard algal 303 transformation techniques such as silicon carbide whisker agitation, biolistics (particle bombardment), 304 electroporation and glass bead agitation. In addition, we used FuGENE transfection media to see if 305 methods more commonly used to transfect animal cells were effective. We did not test Agrobacterium-306 We also tested if the Symbiodinium strain CS-153 was more genetically tractable to the silicon carbide 311 whiskers agitation transformation protocol published by ten Lohuis and Miller (1998). Although both 312 CS-153 and CCMP246 are classified as clade A Symbiodinium strains, we do not know the actual 313 genetic distance between the two strains, and they may therefore actually be more akin to separate algal 314 species than strains of the same species. Unfortunately, we did not observe any transformants with CS-315 153 either, in liquid culture or agar plates. We do acknowledge however that this attempt was only 316 carried out once, and further optimization may be required for successful transformation of CS-153 317 using silicon carbide whiskers agitation. Table 4 ). 360 361 pCR2.1-based plasmids were synthesized using the pCR2.1 plasmid from the TOPO TA cloning kit as 362 the vector backbone. The p35S-ChloR-NosT cassette was constructed by amplifying the p35S promoter 363 and the NosT terminator from the pK7WGF2::hCas9 plasmid from Addgene 364 (http://www.addgene.org/46965/) and amplifying the chloramphenicol acetyltransferase gene from a 365 pBC SK+ plasmid. The three fragments were then assembled using assembly PCR to create a p35S-366
ChloR-NosT fragment that was subsequently ligated into a pCR2.1 plasmid. Similar methods were used 367 to construct the various other transformation constructs, although in some cases, Gibson assembly rather 368 than normal assembly PCR was used. Primers used for these assembly PCRs can be found in Table T7 . 369 370 PCR for amplification of the psbA minicircle was carried out using MasterAmp PCR buffer D 371 (Epicentre), GoTaq DNA polymerase and primers AIKconstruct2_F and AIKconstruct2_R (see Table  372 4). PCR cycling conditions were 95 °C 2 minutes 15 seconds, followed by 40 cycles of 95 o C 45 seconds, 373 57 °C 45 seconds, 72 °C 3 minutes 30 seconds, followed by a final step of 72 °C 10 minutes. Purified 374 PCR products of the desired size were there ligated using the pGEM-T-Easy Vector System (Promega, 375
Madison, Wisconsin, US). Correct insertions were selected from the subsequently transformed E. coli 376 clones. 377 378 Primers for mutagenesis were designed using the QuikChange Primer Design program. The program 379 designed a pair of mutagenic primers whose sequences are indicated in Table 4 Approximately 5 × 10 7 cells were harvested by centrifugation at 3000g for 5 minutes, washed with 5 428 ml of f/2 medium, repelleted, and then resuspended in 500 µl of f/2 medium. A transformation mixture 429 containing 40 µl of 50 µg/ml Silar silicon carbide whiskers (997002-5g) (Haydale Technologies 430 Incorporated, Greer, South Carolina, USA) was sequentially mixed with 20 to 40 µg of plasmid (circular 431 or linear), 160 µl of PEG8000 (20% wv; filter sterilized) and then f/2 medium was added to a final 432 volume of 250 µl. For negative DNA controls, plasmids were omitted from the transformation mix. 433
434
The 500 µl resuspended cells were then added to the transformation mixture and vortexed over a period 435 of 2 minutes, pausing for 5 seconds every 10 seconds. 2 ml of f/2 medium with 100 µg/ml of 436 carbenicillin was added to the transformation mixture. The mixture was then incubated in the dark at 437 27 °C for 1 to 2 days. The agitated Symbiodinium were then grown under selection in either liquid The biolistics protocol was modified from instructions given in the Biorad PDS-1000/He Biolistic 443
Particle Delivery System manual. Approximately 5 × 10 7 Symbiodinium cells were harvested by 444 centrifugation at 3000g for 5 minutes and subsequently washed with 5 ml of filtered, sterilized f/2 445 medium before being plated onto an f/2 agar plate approximately 1 hour before transformation. 446
Tungsten or gold microcarriers suspended in 50% glycerol (30 mg/ml) were vortexed for 5 minutes 447 before a 50 µl aliquot of the mix was placed into a 1.5 ml Eppendorf tube. 5 µg of plasmid DNA was 448 added to the microcarrier mix (omitted for the negative DNA control) and immediately vortexed for 10 449 seconds. This was followed by the addition of 50 µl of 2.5 M CaCl2, vortexing for 10 seconds, and the 450 addition of 20 µl 0.1 M spermidine. The mixture was then mixed by vortexing for 2 minutes before 451 being allowed to settle for 1 minute. The microcarriers were then pelleted by pulse centrifugation and 452 the liquid supernatant was discarded. The pellet was gently washed with 140 µl of 70% ethanol before 453 the mix was pulse centrifuged and the supernatant was removed. This washing step was repeated with 454 140 µl of 100% ethanol. The pellet was then re-suspended with 10 or 70 µl of 100% ethanol depending 455 on the number of macrocarriers being used. 10 µl of the mix was used to dip dry a layer of microcarriers 456 onto a Bio-Rad biolistics macrocarrier (#1652335) (Bio-Rad, Hercules, California, US) and this step 457 was repeated seven times when using 7 macrocarriers. The Biorad macrocarrier was then loaded into a 458 macrocarrier holder and fired at an agar plate of Symbiodinium cells according to the manufacturer's 459 manual for the Biorad PDS-1000/He Biolistic Particle Delivery System. Chamber pressure, rupture disk 460 pressure and distance of agar plate from the macrocarrier holder were adjusted based on the experiments 461 carried out as described in the Results section. The electroporation protocol used in this publication was modified from published protocols used for 470
Phaeodactylum tricornutum and Nannochloropsis sp. (Kilian et al., 2011; Zhang and Hu, 2014) . 471
Approximately 1 × 10 8 cells were harvested by centrifugation at 3000g for 5 minutes. The cells were 472 subsequently washed with 5 ml of f/2 medium and repelleted, before being washed with 1 ml of 375 473 mM sorbitol, repelleted, and finally resuspended in 100 µl of 375 mM sorbitol. The suspension was 474 then mixed with 2-4 µg of plasmid DNA (or just 5 µl of water for the no plasmid control) and 40 µg of 475 denatured salmon sperm DNA. The mixture was then incubated on ice for 10 minutes before being 476 transferred into a 2 mm electroporation cuvette. Electroporation was performed using a Bio-Rad Gene 477 Pulser Xcell Electroporation system (Biorad, Hercules, California, US). The parameters of the system 478 (exponential decay vs multiple pulse, field strength, capacitance, shunt resistance) were adjusted 479
according the experiments carried out as described in the Results section. 480
481
After electroporation, the cells were immediately transferred to a 15 ml Falcon tube containing 10 ml 482 of f/2 medium with 100 µg/ml carbenicillin and left under standard cultures conditions for one day. 483
After this, the cells were then collected by centrifugation at 1500 g for 10 minutes and resuspended in 484
3 ml of f/2 medium. The electroporated Symbiodinium were then grown under selection in liquid culture 485
(1 ml of transformant culture in 150 ml of liquid f/2 medium) and/or on agar plates (150 µl of 486 transformant culture per agar plate). 487 488
Glass bead agitation transformation, with cell wall digest step 489
The glass bead protocol was modified from Kindle (1990) seawater enriched with f/2 medium was used to make agar plates for transformation selection. 100 525 µg/ml chloramphenicol or 200 to 1000 ng/ml atrazine was used as the selection antibiotic/herbicide 526 depending on the construct being tested. Control plates with no selection antibiotic/herbicide were also 527 made to confirm that the transformation method was mild enough that some cells survived the treatment. 528
The samples were inoculated onto the agar plate using 3 ml of top agar made from 0.8 % plant agar 529 (Duchefa Biochemie, Haarlem, Netherlands) in f/2 medium with no antibiotics. This was done due to 530 the tendency of Symbiodinium cells to clump, which prevented the cells from being easily evenly spread 531 across agar surfaces. The plates were then grown in a LMS vertical incubator set to 26 °C with a 14:10 532 
